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[57] ABSTRACT 

A method for continuously monitoring the medical condi- 
tion of a patient, the method including the steps of continu- 
ously monitoring one or more clinical features of the patient; 
periodically computing a probability of a medical outcome 
or diagnosis based upon the continuously monitored one or 
more clinical features; from the periodically computed prob- 
ability of a medical outcome or diagnosis, computing a 
change-of-condition measure; periodically comparing the 
change-in-condition measure to a threshold value; and if any 
computed change-in-condition measure exceeds the thresh- 
old value, generating an alarm notification. 

5 Claims, 3 Drawing Sheets 
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CONTINUOUS MONITORING USING A output from the medical instrument to compute a probability 

PREDICTIVE INSTRUMENT of a medical outcome or diagnosis based on the monitored 

clinical features; a control module causing the predictive 

BACKGROUND OF THE INVENTION instrument to periodically repeat the monitoring cycle; and 

. , , ¥T „ ' - 5 a detector module receiving the computed probabilities 

This is a continuauon-m-part of U.S. patent application resulUn ^ ftc ted monitormg aad comput . 

Ser. No. 08/283,951, by Harry P. Selte et al, filed Aug 1, . therefrom a change-of-condition measure. The detector 

1994. and incorporated herein by reference now U.S. PaL modu i e i s former configured to compare for each momtcmg 

No, 5,501,229. cvde me computed change-of-condition measure for that 

The invention relates to predictive instruments for com- 10 monitoring cycle to a threshold value and if in excess of the 

puting a patient's probability of a serious medical condition. threshold value to generate an alarm notification. 

A number of instruments have been developed that enable in general, in another aspect, the invention is a method for 

the physician to compute probabilities of life threatening continuously monitoring the medical condition of a patient, 

cardiac conditions for patients. Some of these instruments jh e method includes the steps of continuously monitoring 

are described in the following references, all of which are 15 one or more clinical features of the patient; periodically 

incorporated herein be reference. computing a probability of a medical outcome or diagnosis 

A hand-held predictive instrument is described by based upon me continuously monitored one or more clinical 

Michael W. Pozen et al. in "A Predictive Instrument to features; from the periodically computed probability of a 

Improve Coronary-Care-Unit Admission Practices in Acute medical outcome or diagnosis, computing a change-of- 

Ischemic Heart Disease" Hie New England Journal of 20 condition measure which represents a change in a computed 

Medicine, Vol 310 pp. 1273-1278, May 17, 1984. With the probability for a current monitoring cycle relative to a 

handheld calculator-based instrument, a physician can com- previous monitoring cycle; periodically comparing the 

pute a patient* s probability of having acute cardiac ischemia change-in -condition measure to a threshold value ; and if any 

based upon physician-entered values for a set of clinical computed change- in-condition measure exceeds the thresh- 

variables. An automatic, computerized version of this instru- 23 0 \$ value, generating an alarm notification, 

ment which utilizes output from a electrocardiograph and a Other advantages and features will become apparent from 

waveform analyzer is described by H. R Selker et al. in "A the following description of the preferred embodiment and 

Time-Insensitive Predictive Instrument for Acute Myocar- from the claims, 
dial Infarction Mortality", Med. Care 1991; 29:1196-1211. 

Apredictive instrument for detennining the probability of 30 BRIEF DESCRIPTION OF THE DRAWINGS 

acute hospital mortality of a cardiac patient is described in [$ ^ ^ rf ^ monitoring system 

U.S. Pat No. 4.9S7 115 to I^Harxy P Setor and incor- ^ £ ^ 

porated herein by reference. The probability of acute hos- t_i * 

pital mortality is commonly understood to mean the prob- ^G. 2 presents the coefficients and variables of an 

ability of dying from a current acute condition, generally 33 of a logistic regression equation used to predict a 

during the specific initial hospitalization for the problem. It particular cardiac outcome, e.g. the probability of acute 

is also referred to as the probability of imminent death for cardiac ischemia; 

the patient That is, it is a short term, as opposed to a long FIG. 3 is a flow chart showing the operation of the system 

term, probability of mortality which does not necessarily shown in FIG. 1; 

have a precisely defined period of time associated with it. 40 FIG. 4 shows the record data structure which the control 

A predictive instrument for evaluating whether to use module stores in memory; and 

thrombolytic therapy to treat a patient with a heart condition FIG. 5 is a block diagram of another general patient 

is described in U.S. Pat. No. 4,998,535 to Dr. Selker et al., monitoring system constructed in accordance with the 

and incorporated herein by reference. The predictive instru- ^ invention. 

ment computes a first probability of acute hospital mortality 

for the patient assuming that thrombolytic therapy is not DESCRIPTION OF THE PREFERRED 
administered and it computes a second probability of acute EMBODIMENTS 
hospital mortality for the patient assuming that thrombolytic Referring to FIG. 1, a cardiac patient monitoring system 
therapy is administered. The difference in the computed 5Q constructcd m accordance with the invention includes a 
probabilities may assist the physician in deciding whether it electrocardiograph 10 , a waveform analyzer 12, a 
would be advantageous to administer the thrombolytic instrument 14. and a control module 16. Electro- 
therapy to the patient. cardiogr aph 10 is connected to a patient 18 and prod uces a "2 

The above-mentioned predictive instruments use logistic sct o f EGG waveforms for the patient Waveform an alyzer^ 

regression equations to model the probability that the patient 55 n is programmed to analyze the ECG waveform s and/ 

has a serious cardiac condition (e.g. the probability of acute recognize the presence of certain characteri stics^lhat are ) 

cardiac ischemia or the probability of imminent death from particularlVt ^caSve of the cardiac conditioj u^the patient, ] 

a cardiac condition). e.g. the presence and elevation or depression of S-T/ 

imm apy HP thf TNTVFNTION segments the presence Q waves.lha trie presence of 

SUMMARY OF THE INVENTION ^ elevatcd . ^gg ss& d or inverted T-waves. The particular 

In general in one aspect, the invention is an apparatus for characteristtcswhicJi the waveformanalyzer is programmed 
continuously monitoring the medical condition of a patient to recognize depend upon the function that is performed by 
The apparatus includes a medical instrument which during the predictive instrument which in turn determines the set of 
use is connected to the patient to monitor one or more clinical variables that are required to perform that function, 
clinical features of the patient; a predictive instrument ^fcredictive instrument 14 uses the output of waveform ana- 
receiving output from the medical instrument and pro^ mS lyzer 12 in conjunction with other clinical information about 
grammed to complete a monitoring cycle in which it uses the l^the patient that has been entered by a physician through a 
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keyboard 22 and computes a probability that the patient has for the patient In response, the waveform analyzer acquires 

a life-threatening cardiac condition. Control module 16 and anal yzes a current se g menroHhe'patient's EC G wave- 

controls the operation of the other components in the system, form (step 102). Typiauly^a JQ=2a second segment of the 

detects a change in the computed probability patient's patientXJ^&is^uted analyzer to 

condition, and takes appropriate actions when the detected 5 perform its waveform analysisjunctipns. The output of the 

change exceeds certain thresholds, e.g. st oring the m easure- wave form analyzer passes to the ^ prc<Kcti v e inst rument, 

ments in a Q^gMiaejnor y_^ (e.g. RAM or disk storage), which may, for example, be implemented by a computation 

printing g report nj iton a priiitCT26 at tached to the system, routine within the computer. In the present embodiment, the 

displaying Jhejej^crLc^uaja^ 28, or notifying output of the waveform analyzer reports whether: (1) any Q 

medical support staff when the patient's condition has waves are present; (2) whether the S-T segment is elevated 

^tr^s uy(e - 8byusineapa8er30tosenda sassass^^s^™ 

TSSESfu - wavefonn analyzer 12 are M « *" ™ ^ ^ 

r, t _ . leads are non-zero, 

cornmercially available as a single unit For example, Using the output ofthe waveform analyzer and previously 

Hewlett Packard makes the HP Pagewnter XLi which is a 15 cntcrc / valucs ^ r othcr clinical variables, the predictive 

mobile unit that can be moved from one patient to the next ^^^1 computes a probability that the patient has acute 

The Pagcwriter XLi includes a built-in 80386-based com- car( ji ac ischemia (step 104). The co ntrol module then stores 

puter that can be programmed to perform the appropriate a record of t he computation in memory (step 106\ Referr ing 

waveform analysis. For example, it can be programmed to t0 ^ toere^ojdjncludes- 

recogniz^nd^quaju^i^LJlia presence of key features-within ^ a \ nn ^ ungTmT^nded^ng slim caj information, the ECG 
the ECQjyay^onn, It can also be programmed to identify waverormTfaro m whiEF the proba bilityjwfls .generated,, and a 
the location of a myocardial infarction (MI) based on the tuTie-sTpip~Indicatin^ when the m easurement was per- 
ch aract eristics of the set of signals produced by the twelve formed. 

monitoring leads. Besides performing the wave analysis Thereafter, the control module enters a monitoring mode 

functions, the computer within the unit can also be pro- 25 in which it periodically executes a monitoring cycle. At the 

grammed to perform the functions of other components or beginning of each monitoring cycle the system enters an idle 

modules within the system, e.g. the computations of the state for a user-sclcctable period of time, T w (step 108). At 

predictive instrument and the functions of the control mod- the end of the idle period, the control module causes the 

ul e- wavefonn analyzer to acquire and analyze a segment of the 

^ In the described embodiment, predictive instrument 14 is 30 current ECG waveform and pass its results to the predictive 

an ACT-TIPI (Acute Cardiac Ischemia Time-Insensitive Pre- instrument (step 110). The predictive i nstilment th en com- 

dictive Instrument) which uses a logistic regression-based putes an u pdated proba bility for the patient basedlm the 

equation for computing the probability that the patient is patign fs current ECG waveform (st ep 112). The control 

experiencing acute cardiac ischemia. The logistic regression modulTcbiriputeg \ widen is measure of the change (or 

equation is of the form: 35 delta) in the patient's condition since the last recorded 

monitoring cycle (step 114). In the described embodiment, 

r l "| is equal to the proportional change in the computed 

p = 100 L 1 " i + J probability 



where P is the probability of acute cardiac ischemia, b 0 is a 40 ( u ^ ^ = p "~ Fl °" \ f 

constant and the b/s are coefficients of the variables x, V Fk * J 
which are included in the model. 

The variables which are used in this equation are shown where P^ equals the last recorded probability and F w „ 
in FIG. 2 along with the values of the coefficients and the equals the current computed probability, 
values which the x/s can take for the different variables. 45 The control module compares the computed change sta- 
Note that only the largest value for x is used per variable. tistic A p to a first threshold T A1 , which represents an alarm 
Also ECG findings must be present in at least two leads, and threshold or the threshold for clinical activity (step 116). 
S-T segment and T wave changes are "normal" if secondary That is, changes that are larger than T A1 are considered to be 
to right or left complete bundle branch blocks, left ventricu- significant enough to deserve the immediate attention of 
lar hypertrophy, or a paced QRS. Only one type of abnor- 50 medical staff. If ^ exceeds Tj. the control module stores in 
mality is coded each for S-T segment and for T wave per memory a record containing the value of the newly com- 
patient (exclusive of TWISTDEP), use with elevation taking puted probability, the value of \. the underlying clinical 
priority. Deviations are expressed in mm using the standard information, the corresponding ECG waveform, and a time- 
ECG scale of 1 mm=0.1 mV. stamp indicating when the measurement was performed 
The system is programmed to operate in the manner 55 (step 118). The control module also executes a notification 
N shown in FIG. 3. When the patient is first connected tojthe routine which notifies metfcaljtaff ofjhejjatient's wors- 
system, the physician enters the relevant clinical information ening con dition (step 120)7The notification may be in any 
about the patient (step 100). For example, if the predictive one*oFmore of many possible forms. For example, the 
instrument is programmed to compute the probability lof notification routine might cause a page to be sent to the 
acute cardiac ischemia in accordance with the above modfel, 60 responsible physician, it might generate an audible alarm at 
the physician enters the following information about the the location of the mobile monitoring unit, it might send a 
patient: ( 1) name; (2) age; (3) sex; (4) whether the patient is message to the central nursing station which would appear 
experiencing chest or left arm pain; and (5) whether thd on a central display monitor and also trigger an audible 
patient's chief complaint is chest or left arm pain. After the\ alarm at the nurse's station, or it might perform any corn- 
physician has set up the system for a particular patient and\ 65 bination of those or similar actions, 
connects the leads of the electrocardiograph to the patient V After the control module has executed the notification 
the physician causes the system to perform an initial ECG routine, it displays and/o^prints^^ 
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probability, the underlying ECG waveforms and a history of Also Ap can be defined in any of a number of alternative 
the computed probabilities over a selected period of time ways. For example, it can be a rate of change computed by 
prior to the most recent monitoring cycle (step 122). The the change firomj thfi M TfiPPnlcfl rlinically^meaningful 
control module then causes the system to enter the idle state event divided bythe time difference between the current 
for the preselected delay period or until the patient or 5 measurement and the last recorded measurement, 
medical staff enters new cHnical information reflecting a AlternaUvely, it can simply be an absolute change <«., 
change in the patient's condition. -~ session equation presented above is pre- 
-Infceeventtfaat^ ^ Sustrativeof one way in which the cardiac 
compares the absolute value of A, to a lower threshold T^ condition and ^ probabi uty can be modeled. There are a 
(step 124). Threshold T A2 defines a level below which the 10 varietyof statistical methods and algorithms that can be used 
change in the patient's condition is considered to be not foj ^cuiating the predicted probability of an adverse car- 
large enough to be clinically significant If A p exceeds T A2 , ^ event 0I a ^ threatening cardiac condition. These 
the control module stores a record of the measurement include, for example, artificial feed-forward multilayer neu- 
including the computed probability, Ap, the underlying data, ra j networks and classification trees. Although the proce- 
the ECG waveform, and a time-stamp indicating when the 15 may differ among these various techniques, many of 
measurement was performed (step 126). This record then them may generally be expressed in terms of finding an 
defines the reference from A p is computed for the next optimal solution to the following general equation: 
computed probability. 

Threshold T A2 is set so that the system will generate a f ^ dmci ^ =Po+ £ m*, 

histon usf the patient's condition containmg jecords.of-only 20 v fei 
the clinically meanin gful events. Usin gjiesecond threshold 

as a criteria far storing monitoring data greatly reduces the whcrc fi am i g . ^ gcne ral functions, the X^s (where 
amount of information that is stored by the monitoriDg ig n £p) are the values of the independent input variables, 
system. Thus, the limited system memory is not filled with m & ^ q an( j p f (where l^i^K) are model coefficients, 
clinically redundant information. 25 The standard logistic regression equation described ear- 
After a monitoring cycle is complete, the system returns ifer can be derived from the above equation. In addition an 
to an idle state for the preselected period of time. Then, it artificial network with a single hidden layer and an activa- 
begins a new monitoring cycle. The above-described tion function "h" can be written as: 
sequence repeats until the user terminates it. 

As alluded to above, it is possible to manually trigger a 30 £ ( p , A ( £ ^ )) . 

monitoring cycle by entering new values for relevant cluneal ' v * ^ t=i I r rj J ) 
variables. For example, if the patient begins to experience 

chest pain, he can enter this new information through a S automat i Cj periodic monitoring of the patient's con- 

bedside console 32 (see FIG. 1), or alternatively, medical . - . - 



staff can enter it through another input device. Entering the 
changed clinical information causes the control unit to 
immediately initiate a new monitoring cycle immediately or, 
if it is currently in the middle of a monitoring cycle, to 



dition with the predictive instrument provides information 
35 that assists the physician in more accurately evaluating the 
seriousness of the patient's condition and in obtaining early 
detection of changes in the patient's condition. The advan- 
tages are illustrated by the following actual histories of four 



initiate a monitoring cycle immediately after it has com- \ par ents, identified as Patient A, Patient B, Patient C, and 
pleted the current monitoring cycle. 46~"patlent D. 

The system also has a manual mode of operation in which Patient A presented at the ED (Emergency Department) 
the probability is computed only when medical staff manu- with a potentially life-threatening cardiac rhythm. The first 
ally initiates a new monitoring cycle by, for example, computed probability of acute cardiac ischemia (i.e., either 
pushing an appropriate button on the bedside control con- unstable angina pectoris or acute myocardial infarction, as 
sole. In all other respects, the monitoring cycle which is 45 opposed to a rhythm disturbance) was relatively low, at 10%. 
initiated is the same as the monitoring cycle described In a subsequent ECG taken 23 minutes later, the cardiac 
above, rhythm had returned to normal, which would lead to a 

It should be noted that the thresholds, T Al and T A2 , may conclusion of no remaining cardiac problem. Indeed, a usual 
be simple fixed value thresholds or they may be functions of ECG monitor would have shown the patient as having a 
some other variable, such as P toxr For example, with regard 50 normal rhythm and an essentially normal ECG. However, 
to T Al it may be desirable to have this value set higher for the ECG contained a relatively minor ST elevation in the 
smaller values of A p than for larger values of A p . In other anterior leads which caused the computed probability of 
words, a 25% increase from an initial probability of 5% acute cardiac ischemia to rise to 16%, representing a 60% 
would probably not be significant whereas a 25% increase increase from the previous computed probability. An 
from an initial probability of 40% would probably provide 55 increase of that amount flagged the patient as having acute 
a basis for real concern. cardiac ischemia and still requiring acute medical attention. 

In addition, the thresholds can be a function of previous An interesting aspect of this example is that both of the 
computed changes. For example, two successive Ap's both computed probabilities are below the level at which patients 
indicating a worsening condition provide a greater basis for are commonly sent home, which in the facility in which this 
concern than does a sequence of A p 's that alternate between 60 patient was treated, is about 18%. Thus, a computed prob- 
positive and negative values. In other words, the threshold ability of 16% by itself is difficult to interpret because the 
could be set as a function of the direction (or sign) of physician does not know whether that is a normal reading for 
computed change for previous monitoring cycles. If the that patient Just being of a certain age and gender and 
previous computed value for Ap was positive (e.g. indicating having chest pains can often result in more than 16% 
a worsening condition), the threshold for the next computed 65 probability with no abnormality in ECG. 
value of might be lower man it would be if the previous To more fully appreciate the significance of a computed 
computedValue for A„ was negative. probability of 16%, it is useful to explore what the figure 
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actually means. A 16% reading indicates that among a was benign and the computed probability indicates only a 

representative population of 100 patients, all of whom arrive 4% likelihood of acute cardiac ischemia. She was admitted 

at the ED with presenting conditions that produce a prob- to the ward because she was known to have bad coronary 

ability of 16%, on average 16 of the patients will have acute disease. In a subsequent ECG taken about 22 hours later, 

ischemia and 84 patients will not have acute ischemia. 5 suddenly the very same ECG, coupled with a new chief 

Within that population, however, the predictive instrument complaint of chest pain, resulted in a six-fold increase in the 

based upon a single computation is not able to distinguish probability of acute cardiac ischemia (ie., 24%). In this 

between the group of patients who have acute ischemia and case, the actual ECG was unchanged and thus a normal ECG 

the group of patients who do not have acute ischemia. By heart monitor would not have picked up the significance of 

using the predictive instrument in accordance with the 10 the new information. Moreover, this patient's final number 

above-described invention, the physician is able to discover (Le., 24%) was below average for patients in the ED and, in 

further information which will assist the physician in deter- fact, was within the range of numbers for patients who are 

mining to which group the patient actually belongs. sent home. However, because the delta (i.e., change in 

By monitoring the change in the patient's computed computed probability) was substantial she was flagged as a 

probability, the physician was able to gain further informa- 15 patient requiring further clinical activity, 

tio nwhich h elped interpret t helnitial reading of 10%. That Other embodiments are within the following claims. Even 

is , Ihe instrument detected a substantial cnange in the though the monitoring of the probability of acute cardiac 

computed probability in a direction that flagged the patient ischemia for changes was used as an example, this was not 

as being more likely to fall within that category of patients meant to limit the scope of the invention to only those 

who have acute ischemia. 20 systems which compute that particular probability. The 

In the case of Patient B, he arrived at the ED with a chest invention also encompasses systems which periodically 

pain as his chief complaint. His initial computed probability compute and monitor for changes any probability of a 

of acute cardiac ischemia was 25%. However, chest pain in serious cardiac condition. In addition, the method by which 

a properly aged male, who does not have acute cardiac the probability is not computed is not central to the inven- 

ischemia. can still produce a relatively high probability. In 25 tion. Any approach which attempts to model historical 

other words, one can obtain that same probability in a patient information to compute a probability of the patient 

variety of different ways, not all of which are symptomatic having a serious cardiac condition based at least in part upon 

of acute cardiac ischemia- Thus, even though the presenting ECG information falls within the scope of this invention, 

probability of 25% is a relatively high number, by itself its . In addition, continuous monitoring using a predictive 

meaning to the physician is still ambiguous. It simply 30 instrument has applicability to many other medical problems 

indicates that the patient falls into a category of patients who beyond the above-described cardiac related problems. The 

have historically exhibited higher risk than the group of extension to circumstances that are not cardiac related is 

patients who have generated lower computed probabilities. straightforward. For example, in the domain of pulmonary 

From the physician's perspective the predictive instrument medicine, a patient in an intensive care unit could be under 

is indicating that the patient has a one-in-four chance of 35 observation for potential respiratory failure. The classical 

having acute cardiac ischemia but the instrument is also approach is to use on-going single function monitors of 

indicating that the patient has a three-in-four chance of not indicators such as the patient's heart rate, respiratory rate, 

having acute cardiac ischemia. and perhaps under some circumstances, blood oxygen satu- 

In the case of Patient B, a second ECG approximately one ration. As with the cardiac situation, however, any single one 

hour later still appeared to be relatively normal and again 40 of these parameters has limited utility because of its possible 

produced a computed probability of acute cardiac ischemia contamination by noise and because of its inherent inability 

of 25%. However, in a subsequent electrocardiogram taken to be a good proxy for the wide variety of clinical features 

about two hours after the initial ECG, there were very subtle and other factors that are really needed to provide an 

changes of lateral T wave flattening that produced a com- accurate estimate of the probability of the medical outcome 

puted probability of 37%, clearly flagging the patient as 45 in question. On the other hand, the mathematical model 

requiring clinical activity. Such subtle changes would not described herein (e.g., logistic regression) that takes into 

have been flagged except for the fact that the predictive account me heart rate, blood pressure, respiratory rate, blood 

instrument magnifies any changes of this type. Thus, oxygen saturation level, and perhaps other clinical features, 

because the predictive instrument when used in a continuous will give a far more accurate indication of and prediction of 

manner amplifies the seemingly most trivial of changes in so true respiratory failure. The other clinical features include 

the patient's condition, it can give the physician further for example the patient's age, symptoms (e.g. shortness of 

valuable information which will help him or her to accu- breath), and the patient's past medical history (e.g„ history 

ratery evaluate the patient's condition and make the correct of smoking, history of prior respiratory failure, etc.). In other 

admission decision. words, the mathematical model will give a more accurate 

Patient C, a woman with known cardiac problems, came 55 and usable (e.g. noise-free) estimate of the patient's condi- 

into the ED with general complaint about not feeling welL tion. 

When the monitor was connected to her. the computed A further example in the pulmonary area may be useful, 
probability was 10%. Nevertheless, because of her history of In the case of imminent respiratory failure, a small increase 
known problems she was admitted to the ward. While she in respiratory rate and heart rate would likely be missed, or 
was in the ward, she began to experience chest pains which 60 might be overwhelmed by noise, or even if detected might 
caused the computed probability to jump up to 50%, an be viewed as insignificant However, if measured in con- 
increase of about 400%. clearly flagging her for immediate junction with other clinical features, including for example 
clinical action. a sniall decrease in oxygen saturation, these observations 
Patient D, a 64 year old woman, represents yet another when included in a logistic regression (or other mathemati- 
example of the invention's ability to help medical staff 65 cal model) will be multiplicative, and thus, give a substantial 
distinguish among patient's who have acute cardiac (accurate and specific) increase in the computed probability 
ischemia and those who do not. The patient's initial ECG of respiratory failure. Thus, since the mathematical model 
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takes multiple factors into account, as in the cardiac moni- Standard, well known regression techniques may be 

toring situation, it will provide an opportunity to early on employed to identify the most appropriate set of explanatory 

detect a change in the computed probability value with variables, namely, them's, and to determine the values of the 

sufficient fidelity in the real-time setting to support targeted coefficients of these variables. For a description of such 

clinical intervention. 5 techniques and examples of commercially available com- 

naSshowsageneralizedcontmuousir^m^ringsystem P^P 10 ^ that ^lement to see N C Cary in 

more cknical features of ^ent 18 and a bfln^ Regression," BMDP Statistical Software, cLp. 14.5, pp. 

ment 52 for computing a probability of a medical outcome M £ BMDP publishers, Westwood, Calif. Of course, 
or diagnosis, based in part on those monitored clinical 10 ^ e ^ of explanatoiy variables that are identified 
features. The monitoring device 50 could be a single and thc ^4^^ ability 0 f me resulting logistic equation 
instrument, as it was in the case of the above-described generally depends upon the quality of the underlying data 
cardiac monitor which used an dcctrocardiograph, or it ^ is used t0 develop the model. Such factors as the size 
could be a constellation of medical instruments, as will be and completeness of thc database arc often of significant 
the case in some of the examples systems described below. 13 importance. The selection of the relevant variables and the 
Predictive instrument 52 uses the output of monitoring computation of the appropriate coefficients are well within 
device 50 in conjunction with other clinical information the skill of an ordinary person skilled in the art 
about the patient that has been entered by a physician As noted above in connection with the cardiac instrument, 
through an input device 54 (e.g. keyboard, network mathematical models other than the logistic regression equa- 
connection, database program, etc.) and computes a prob- 20 tion can of course be employed. The invention is not limited 
ability of a particular medical outcome or diagnosis for the to the use of a logistic regression equation to model the 
patient A control module 56 controls the operation of the probability of a particular medical outcome or diagnosis, 
oth er components in the system, For_example ? it causes the The following are further examples of predictive instru- 
predictive instrument to pericjUc^y^compute^a-new prob- ments for noncardiac diagnoses or medical outcomes, along 
abffityvA.change detection ra 25 with their likely key clinical variables, 

of periodically computed probabilities from predictive In the domain of vascular disorders, a predictive instru- 
instrument 52 and looks for a significant change in the ment for pulmonary embolus includes as key variables the 
computed probability from a previously received computed same variables as listed above, as well as a modification of 
probability. If change detector module 58 detects a signifi- the symptoms regarding the suddenness of onset, and also 
cant change in the patient's condition, as reflected by a 30 ECG variables related to right heart strain (e,g. relating to 
change in the computed probability that exceeds a prede- QRS complex and ST/T wave changes), 
termined threshold, it takes appropriate actions, e.g. storing In the domain of neurologic disorders, a predictive instru- 
the measurements in a digital memory 60 (e.g. RAM or disk ment for cerebral hemorrhage (Le., hemorrhagic stroke) 
storage), generating and displaying a report through a dis- includes as key variables the patient's history of medications 
play device 62 (e.g. printer or video display), or notifying 35 (e.g. anticoagulants, etc.), prior history of cardiac disorders 
medical support staff when the patient's condition has that predispose to cerebral thrombosis (e.g. atrial fibrillation, 
deteriorated significantly (e.g. by using a pager 30 to send a valvular disease), and history of trauma to the head, as well 
page to the physician). as laboratory tests such as prothrombin time and partial 

The detector module, i.e., the portion of me system which thromboplastin time and platelet count, which are all mea- 
detects when changes in the computed probabilities exceed 40 sures of the clotting ability of the blood. They also include 
a predeterrnined threshold, may be located locally to the blood pressure, with emphasis on pulse pressure (i.e., a 
monitoring device, the predictive instrument and the control difference between the systolic and diastolic pressure), 
unit; or alternatively it can be located remotely from those In the domain of general surgery, a predictive instrument 
devices. If it is located locally, it can be implemented within for intra-abdominal catastrophe (i.e., the need for emergency 
the same computer which computes the probabilities and 45 surgery) includes as key variables the presence of aMorninal 
which implements the functionality of the control unit. If it pain, the patient's physical findings by the physician of 
is located remotely from them, the computed probabilities so-called peritoneal signs (rigidity of the abdomen* no bowel 
are sent to the detector module by some appropriate method, sounds, etc.), monitor data such as temperature, heart rate, 
e.g. modem, LAN network connection, transmitter, etc. blood pressure, and potentially x-ray findings that reveal 

In the described embodiments, the probability of the 50 bowel gas pattern, 
medical diagnosis or medical outcome is computed using a In the domain of infectious diseases, a predictive instru- 
logistic regression equation of the following general form; ment for sepsis (i.e., overwhelming infection that would 

require certain emergency treatments) includes as key vari- 
ables the patient's level of consciousness, specific 
55 complaints, and monitored physiologic measures such as 
blood pressure (especially low), heart rate (especially high), 
where Pis the probability of a particular medical outcome or respiratory rate (especially high), body temperature 
diagnosis, and where z has thc following general form: (especially either unduly high or unduly low), ECG abnar- 

nudities (as not showing a contrary cardiac cause for 
&=bo+V>i x t < 60 derangements in heart rate, blood pressure, respiratory rate 

In this equation. b 0 is a constant, and the b/s are coefficients and other findings in the form of an interaction term in the 
of the explanatory variables x, which are included in the mathematical model) laboratory tests such as white blood 
model. The variables that are used in the model will of count (either unduly high or unduly low), interleukin levels, 
course depend upon the particular medical outcome or and other special blood tests typically available on-line from 
diagnosis which is being evaluated. Some examples are 65 hospital clinical information systems. Also, other ongoing 
presented below along with variables that would be included monitoring data relating to blood and other body fluid 
in the model. culture results, such as are typically available on electronic 
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clinical information systems, are further important explana- clinical features. In practice, the outcome is selected to be 

tory variables relating to the source of sepsis. clinically meaningful to the care of the patient. Therefore, an 

Each of the above .diagnoses to be predicted have conse- important medical outcome for a patient with a heart attack 

quences in terms of clinical outcomes including, for is mortality. For a person with respiratory failure, it is also 

example, mortality. Other outcomes that can be predicted by 5 mortality but it is also long-term respiratory disability, which 

a predictive instrument include mortality due to acute myo- might be defined, for example, as lack of ability to do 

cardial infarction or congestive heart failure, as well as activities of daily living due to shortness of breath as well, 

conditional outcomes such as are obtained from the throm- p or a person with neurologic presenting symptoms, an 

bolytic predictive instrument (see U.S. Pat. No. 4,998,535). important medical outcome is preservation of normal mental 

The use of this approach also applies to other noncardiac 10 as wcll as mortality. 

conditions for which prediction of medical outcomes can be , , ^ t . , ^ , 

conditioned on the use of specific therapies. T*™ * s overlap between die concept of mecucal out- 

The examples presented above are meant to be merely comes and medical ^diagnoses^For exa^le when a decision 
illustrative^ the many ways in which a predictive instru- has to be made about a patient, before the clinician can 
ment can be used in continuously monitoring a patient's 15 evaluate the likely ultimate outcome, the clinician must first 
medical condition. It is not intended that the invention be consider the specific medical diagnosis or family of de- 
limited to the few examples that were described here. In noses that the patient has which require attention. Thus, a 
general, the predictive instrument is any instrument which diagnosis is, in a sense, an intermediate "outcome". For a 
computes on the basis of a set of clinical features a prob- person corning to the emergency department with chest pain 
ability of a medical outcome or diagnosis. It is intended that 20 and/or other signs and symptoms, the first question on the 
the invention cover the use of such predictive instruments to clinician's mind is, what is the diagnosis? If the diagnosis, 
continuously monitor any medical condition that lends itself i.e., the ongoing medic^clinical process, is acute cardiac 
to such monitoring, regardless of the particular set of clinical ischemia (i.e., occlusion of a coronary artery), then this 
features and regardless of the particular medical outcome or requires treatment to prevent its potential downstream out- 
diagnosis. 25 conies from occurring (e.g., death) and that treatment is very 

By clinical features, it should be understood that we mean different from what would be used if the diagnosis is 

any data form that gives direct information about the costocondritis (inflammation of the joints of the sternum), 

clinical, i.e., the medical, state of patient Some of the stomach ulcer, or some other cause of the symptoms, 

variables used in the above descriptions have focused on Moreover, for all the medical conditions alluded to above, 

circumstances in which clinical features can be directly 30 detecting through continuous monitoring of the patient 

acquired in electronic form, such asi heart rate and respira- changes in the likelihood of such diagnoses can have very 

tory rate acquired by monitors, such as waveforms acquired important clinical implications for treatment That is, very 

by an electrocardiograph, such as oxygen saturation mea- different treatments are needed for acute cardiac ischemia as 

sured by a sensor attached to the patient's finger, and such compared to an ulcer, for respiratory failure as compared to 

as biochemical laboratory results. However, other clinical 35 a cold) or f or a rupture of a cerebral aneurism as compared 

features can be obtained in other forms and in other ways as t0 a tension headache. Thus, it can be critically important to 

well. For example, as described above in connection with detect when the probability of a medical outcome changes, 

the use of the cardiac predictive instrument, direct question- From ^ aboye it ghould ^ ^vent mat th e invention 

ing of the patient provides important clinical features, can te use(J a widc vai i cty 0 f patient monitoring 

namely, whether or not the patient is having chest pain and 40 deyices including, for example, heart rate monitors, respi- 

whether chest pains are the chief complaint. Analogously, f rflte monitoxS( bioanaryzers, blood oximeters, and 

for a predictive instrument for predicting various respiratory fM monit0 rs, just to name a few. 

diagnoses or outcomes, a relevant clinical feature would be claimed is- 

an indication as to whemer the patient has shortness of ^nat . Storing the medical 

toath. These symptoms are linked to «s CO no^nTfTp4at, said apparaL comprising: 

ing medical processes and can, in combination with other v ' 

clinical variables in the mathematical model, add important a medical instrument which during use monitors one or 

information. And in the case of a predictive mstrument for more clinical features of the patient; 

predicting neurologic problems, relevant clinical features apreoUctivemstrument receiving output from the medical 

include indications as to whether the patient has a headache 50 instrument, said predictive instrument programmed to 

and/or neurologic symptoms. In addition, some sources of complete a monitoring cycle in which it uses the output 

data that are less directly connected to the patient but from me medical instrument to compute a probability 

nevertheless still represent important clinical features. For of a m edical outcome or diagnosis based on the moni- 

example, sociodemographic data such as age and gender are tQred one or more cml ical features; and 

obviously important as was the case for the cardiac predic- 55 & ca| . ^ instrument to 

tive instrument described above In addition, other rdeyant periodically repeat the monitoring cycle; 

clinical feature data is reflected in medical msurance claims, * J * .... , u:r^ 

such as the mere performance of certain tests, the fact of a detector module receiving the computed L F^£^> 

hospitalization, the actual diagnostic code (e* the ICD9 fr ° m * e 

Code), etc. A clinical feature is any piece of additional 60 computing therefrom a changes-condition measure, 

information about the patient which when incorporated into said detector module further configured to compare dur- 

a mathematical model predicts a given medical outcome. ing each monitoring cycle the computed change-of- 

A medical outcome or medical diagnosis, such as might condition measure for that monitoring cycle to a thresh- 

be predicted by a predictive instrument, is defined in the old value and if in excess of said threshold value to 

following way. A medical outcome is the state of a patient 65 generate an alarm notification, 

defined in medical terms, typically described in the context 2. The apparatus of claim 1 wherein said change-of- 

of a particular constellation of presenting symptoms and condition measure reflects a change in a computed prob- 



04/26/2004, EAST Version: 1.4.1 



5,724, 

13 

ability for a current monitoring cycle as compared to a 
previous monitoring cycle. 

3. The apparatus of claim 1 wherein the predictive instru- 
ment and the detector module are implemented remotely 
from each other. 

4. A method for continuously monitoring the medical 
condition of a patient, said method comprising: 

continuously monitoring one or more clinical features of 
the patient; 

periodically computing a probability of a medical out- 
come or diagnosis based upon the continuously moni- 
tored one or more clinical features; 
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from the periodically computed probability of a medical 
outcome or diagnosis, computing a change-of- 
condition measure; 
periodically comparing the change-in-condition measure 

to a threshold value; and 
if any computed change-in-condition measure exceeds 
said threshold value, generating an alarm notification. 
5. The method of claim 4 wherein said change-of- 
condition measure represents a change in a computed prob- 
ability for a current monitoring cycle relative to a previous 
monitoring cycle. 

***** 



04/26/2004, EAST Version: 1.4.1 



